The polarization state of a laser beam has a strong influence on the process in almost any kind of laser material processing. The benefit of material processing with cylindrical polarization was described by several authors. Recently, intra-cavity polarization generation and extracavity polarization conversion for industry-level high-power lasers were presented. The present paper gives an overview over the state of the art and the latest results for cutting, welding and drilling achieved at the IFSW of the University of Stuttgart.
Motivation
Laser material processing is used in a wide range of industrial applications including cutting, welding and drilling. In these processes with intensities exceeding about 10 6 W/cm 2 the absorbed laser energy creates a 3-dimensional structure such as a cutting kerf, a keyhole or an ablated surface structure. Very high aspect ratios can be achieved with actual high-brightness lasers. In each of these cases at least a part of the laser-material interaction takes place at the walls of the structure. Figure 1 (a) shows a sketch of a typical geometry encountered. The beam polarization direction in the plane of interaction is called p-polarization, its orthogonal direction is s-polarization. The angle of incidence is the angle between the beam propagation direction and the surface normal. In such geometries the angle of incidence is often close to 90°. Since the work of Fresnel in the beginning of the 19 th century it is known that the interaction behavior strongly depends on the polarization with respect to the plane of incidence. Figure 1(b) gives the calculated absorptivity in hot iron as a function of the angle of incidence for p and s-polarization following the theory of Fresnel.
A large difference between the absorptivity of p-and s-polarized light is seen. It is even more pronounced when plotting the ratio of the two absorptivities as shown in Figure 1 (c). For angles exceeding 80° the p-absorption is more than an order of magnitude large than the s-absorption. Figure 2 shows beam cross-sections with a schematic of polarizations states as commonly used for material processing. Up to now these polarization states were restricted to linear, circular or random. For processes as sketched in Figure 1 (a) the processed surface extends along the circumference of the beam cross-section. This means that for linear polarization the laser-surface interaction either occurs in p-or in s-polarization. In the case of circular and random polarization the interaction is a time average of the p-and s-polarization state. Cylindrical polarization has the two orthogonal states radial and tangential polarization as shown in Figure 2 (d) and (e). The outstanding advantage of these polarization states is that the complete surface is processed with the same, temporally and spatially constant polarization state. This allows direction independent movement of the process. In addition, considering Figure  1 (b) and (c) it offers the possibility of actively influencing the location of absorption by choosing the appropriate cylindrical polarization state. Furthermore, another advantageous of cylindrically polarized beams is their "doughnut-like" intensity distribution which leads to steeper slopes as compared to Gaussian distributions. This can be very well suited for materials processing since the steepness of the intensity distribution is approaching the ideal flat-top distribution but without the limitation of the depth of focusing.
In the past few years, the benefit of materials processing with cylindrical polarization was described by several authors. [1, 2, 3, 4, 5, 6] . Recently, intra-cavity polarization generation and extra-cavity polarization conversion for industry-level highpower and high-brightness lasers were presented [8, 9, 10] . With such tools it is now possible to explore the capability and benefit of cylindrical polarization for industrial material processing. The present paper gives an overview over the theoretical background, the generation and the application of high-power cylindrically polarized beams as performed at the IFSW of the University of Stuttgart. This includes the description of cylindrically polarized laser beam generation with intra-cavity generators and extra-cavity converters, the latest results obtained with cutting, welding and drilling. The overview starts with having a closer look at the absorbed intensity distribution as can be calculated from the Fresnel equations.
Absorbed intensity
If light coming from a medium with index of refraction n 1 is incident to a medium with n 2 the total power decomposes into a reflected, a transmitted and an absorbed part. Here n 1 is assumed to be 1 (vacuum). For the illuminated material it is assumed that it holds 2 2 2 n n ik with 2 k 1 (e.g. metal) for the wavelengths of interest. In the case of a big complex part of the refraction index the optical penetration depth is given by a skin depth which is small compared to the wavelength. Therefore the transmitted part can be neglected in most cases and the absorbed laser-power leads to surface heating of the material. As a consequence the absorptivity and the reflectivity of power are connected due to the equation A 1 R . For an incoming plane wave on the surface the power-reflectivity can be described by the Fresnel-Equations   2  2  2  2  s  2  2  2   cos  n  sin  R ( )  cos  n  sin   and   2  2  2  2  2  2  p  2  2  2  2  2 n cos n sin R ( ) n cos n sin
Here, the wave-vector of the incident and reflected wave span the plane of incidence. R s and R p denote the reflectivity of power for the perpendicular and parallel component of the polarization, respectively. The angle is defined between the surface normal and the wave vector.
For laser-materials processing the absorbed laser beam is normally the most important source of heat for the melting and evaporation of the material. The intensity of this heat source is given by
The additional factor cos describes the projection of the incident intensity on the tilted material surface. In the following, the index of refraction is taken to be 3.28 + i4.87. This value was measured by the authors for stainless steel at room temperature. In general the index of refraction strongly depends on temperature and material and is unfortunately not known at process relevant conditions in most cases. Nevertheless the following statements are expected to hold true also at process relevant conditions. In Figure 3 based on Eq. (2) the calculated relative absorbed intensities are shown for perpendicular and parallel polarization. It is obvious that both are monotonically decreasing functions of the incident angle. A local maximum at Brewster's angle does not exist. However, the ratio between the intensity-absorptances of the parallel and perpendicular polarization is a monotonically increasing function. It can be clearly seen that the absorbed intensity for the parallel polarized component can easily exceed the perpendicular component by a factor of >20 if the light is near to grazing incidence. This strong difference plays an important role in material-processing and will be discussed here for radially or tangentially polarized light. In addition, cylindrically polarized beams show a specific "doughnut shaped" intensity distribution as shown in Figure 4 (a) (red) in comparison with a Gaussian distribution (green).
If a radially or tangentially polarized beam is incident on a tilted plane as sketched in Figure 4 (b) the absorbed intensity strongly depends on the position within the beam profile. This is completely different compared to linearly, circularly or unpolarized light. In the example shown in Figure 4 (b) the plane of incidence is the y/z plane. Because the beams are locally linearly polarized the conditions of parallel and perpendicular incidence are fulfilled at the same time at different positions. This leads to certain "hot spots" of the absorbed intensity Figure 4 (c) on the illuminated surface which do not occur e.g. for circular polarization. Since the total absorbed power is equal for all polarizations shown (35% in this example) the absorbed intensity is locally much higher in the case of radial and tangential polarization.
For this calculation example the incident angle was chosen to be 80°, the beam diameter 200 μm (2 nd moment definition), M² = 2, the index of refraction being the same as above and the wavelength was 1030 nm. 
Here w 0 and denote the beam waist radius and the wavelength, respectively.
From the calculations shown above the possible advantages of beams with radial or tangential polarization for materials processing (drilling, cutting, welding) are not obvious. But this is different if the illuminated object is cylindrically symmetric as well. If a beam is incident to a capillary with circular symmetry the parallel or perpendicular intensity absorption conditions are fulfilled over the whole angle. Figure 5 shows the calculation results for an incident beam with a diameter of 60 μm which is absorbed inside a circular symmetric capillary with a diameter of 60 μm and a depth of 400 μm. It is clearly seen that the distribution of the absorbed intensity strongly depends on the polarization state. In this example the tangentially polarized beam allows depositing a ten times higher absorbed intensity near the tip of the capillary. This for instance leads to increased laser-drilling velocities. As the cutting and welding fronts are curved the advantages can also be observed for these processes because the angle of incidence usually exceeds about 70°.
Generation of cylindrically polarized beams
Cylindrical vector beams, also known as beams with axially symmetric polarization, have gained a tremendous interest in the last few years for many applications in different fields of optics, laser physics as well as in bio-medicine. This motivated several scientific groups to develop several approaches for the generation of such beams.
In order to investigate the benefit of axially-symmetric polarization states for 1 and 10 μm wavelengths, two different approaches for the generation of beams with radial and/or tangential polarization have been developed and used at the IFSW. For the CO 2 laser system a leaky-mode polarizing grating mirror [8, 9, 10] was used as the end mirror of the laser cavity TruFlow 5000. The polarization control of the emitted beam relates upon the leaky waveguide modes coupling mechanism due to the presence of the grating. This induces a reduction of the reflection coefficient of the undesired polarization at the desired laser wavelength, whereas the orthogonal polarization is not or only slightly affected by the presence of the grating. Thus, by using a circular grating, as shown in Figure 6 (a), one can induce the desired reflectivity difference locally [17] [18] [19] [20] . In the present design, the structure parameters, i.e. the layer sequence and period and depth of the grating, were optimized to damp the tangential (corresponding to the local TE) polarization. A reflectivity difference of at least 50% (with a reflection coefficient for radial polarization of about 99.6%) between radial and tangential polarization was measured over ~300 nm spectral bandwidth at 10.6 μm. After this spectroscopic confirmation of the proper behavior of the fabricated polarizing grating mirror, the latter was introduced, as mentioned above into a TruFlow 5000. Radially polarized beams with up to 5.3 kW output power could be reached with the above described mirror. Figure 6 (b) shows the paper burn-in of the emitted beam without the analyzer (top left) and with the analyzer at different angle positions. Additionally a quantitative polarization analysis of the local polarization state over the whole beam using a custom made camera-based Stokes polarimeter [19] was performed. Figure 6 (c) 60 µm 400 µm depicts the measured polarization "ellipse" over the beam cross-section. Radial polarization purity higher than 96% 2% was measured.
In the case of solid-state lasers, namely Yb:YAG thin-disk lasers, the used and preferred solution for the material processing experiments is based on an efficient extra-cavity polarization conversion mechanism. A linear to radial/tangential polarization converter which is composed of 8 low-order half-wave segments at =1030 nm and which has a fixed and well-defined fast-axis orientation was used for the experimental investigations. This allows a local polarization rotation of the incident beam in the radial or tangential direction. As shown in Figure 7 (a), the switching between radial and tangential polarization can be simply and easily obtained, by a 90° rotation (relatively to the main axis (i.e. 0°) of the converter) of the polarization of the incoming beam. A photograph of the 30 mm clear aperture polarization converter used here is also shown as inset in Figure 7 (a). The complete setup including linear polarizer, beamdump and linear-to-cylindrical converter can easily be integrated into an industrial standard processing head as shown in Figure 7 (b) . Up to 5.1 kW radially and or tangentially polarized laser beams were demonstrated [6] . Very recently, radially and tangentially polarized laser beams with about 8 kW of average power could be reached with a 50 mm clear aperture device [7] . Besides the multi-kW experiments, the converter was also used in the beam bath of a picosecond pulsed Yb:YAG thin-disk laser emitting a linearly polarized fundamental mode (M² ~ 1.3). As can be seen in Figure 7 (b), cylindrical vector beams (radial and tangential polarization) with M² ~ 2.5 have been generated with a conversion efficiency measured of about 88%. Figure 7 (d) shows the the beam cross-section with the polarization measurement ellipses for 1030 nm. The polarization purity was measured in this case, after filtering and selection of the ring mode, to be 98% 1%.
In order to further improve the conversion efficiency of such devices, "continuous" wave plate converter systems which are based on sub-wavelength form-birefringent gratings are currently under investigation at the IFSW.
Cutting
Laser cutting with cylindrically polarized laser beams is for CO 2 -laser cutting one of the promising possibilities to increase process efficiency and therefore the cutting velocity. In 1999 Niziev and Nesterov [1] calculated an increase of the cutting velocity up to 100% with a radially polarized CO 2 -Laser in comparison to a circularly polarized laser. Since 2007 high power CO 2 -Laser with radial polarization are available [9] and first cutting experiments shows an increase of cutting velocity [30] . The results achieved at the IFSW are shown in Figure 8 , where the results for circularly and radially polarized cuts are compared. The columns with solid color filling show the range of quality cuts without burr formation. With circular polarizations (yellow), 5 m/min for 2 mm sheet thickness, 2 m/min for 4 mm, and 1.1 m/min for 8 mm are achieved. With radial polarization (green), the respective values are 7 m/min for 2 mm, 3.5 m/min for 4 mm and 1.5 m/min for 8 mm. This corresponds to a maximum increase of 40% at 2 mm sheet thickness. The overlaid unfilled columns show the corresponding trim cuts which allow burr formation and a low quality cutting edge. For trim cuts, the values measured for circular polarization (blue) are 8 m/min for 2 mm, 3.5 m/min for 4 mm and 1.4 m/min for 8 mm. For radial polarization (red) 11m/min for 2 mm, 4 m/min for 4 mm and 1.6 m/min for 8 mm were measured. For trim cuts, a maximum increase of cutting velocity of 37.5% resulted for 2 mm thick sheets. It can be seen that the advantage for quality cuts is higher than for trim cuts especially for sheet thicknesses greater than 2 mm. However, there is still a gap between reachable cutting velocities and the theory.
The most important factor influencing the maximum cutting speeds is the distribution of the absorbed laser power. This distribution is given by the beam intensity profile and by the local absorption coefficient which is a function of the angle between the laser beam, the surface and the local temperature. Therefore, to estimate reachable cutting velocities, it is necessary to know the real difference in the absorbed laser power between the different polarization states. One possibility to do this is to determine the process efficiency P . For this measurement the knowledge of the process temperature is required. One possibility to measure directly the process temperature is shown in [31] . The process efficiency is defined in Equation (3):
With P L is laser power at the work piece, v the cutting velocity, b the kerf width, s the sheet thickness, the density, c P the specific heat, T the temperature difference between ambient temperature and process temperature, h S enthalpy of fusion and P V the losses due to heat conduction. These losses can be calculated with the approximation of Schulz et.al. [32] . With the measured kerf width and process temperature it is possible to estimate the total absorbed power for different cutting velocities as shown in Figure 9 . It can be seen, that the process efficiency as a function of the absorbed laser power is 36% higher for radial polarization than for circular.
Welding
Welding with high power densities can cause considerable spatter if no measures are taken to prevent it. Apart from contamination, spatter can cause a significant loss of material in the seam and therefore reduce the strength properties. The mechanisms that cause spatter are still not properly understood. The vaporization of overheated melt at the capillary front is regarded as a decisive factor in the generation of spatter, since this is the driving force behind all dynamic effects [33] . The decisive physical factor in the vaporization is the absorbed intensity. This value mainly depends on the laser wavelength and has a strong influence on the welding quality. However, welding with solid-state lasers causes more spatter on the top side than the CO 2 lasers under comparable process parameters [34, 35] . Calculations have shown that the intensity distribution on the capillary front can be strongly influenced by the polarization state for solid-state lasers. These findings suggest a major impact on the welding quality [36] . Welding experiments with different polarization states at an incident laser power of 4.4 kW have shown a reduction of spattering for tangential polarization at low feed rates [7] .
In order to confirm these results and to determine the laser parameter dependence for different polarization states, bead on plate welding experiments were performed on 10 mm thick mild steel S235 plates. A TruLaser 16002 with a 200 μm delivery fibre was used for the experiments. With the setup shown in Figure 7 The degree of spatter generation was determined by process observation and visual evaluation of the work piece surface. A quantitative comparison of the amount of spatters can be obtained by determining the weight of the work piece before and after welding. The resulting weight loss is divided through the welding time required for the seam length of 125 mm. Figure 10 (a) shows the resulting weight loss per time according to the feed rate. For all polarization conditions there is a similar curve progression observable. For small feed rates from v = 2 -4 m/min, the weight loss per time is low with values < 50 mg/sec. In high speed recordings it can be seen that spatters mainly remove from the front and the sidewalls of the capillary within this speed range. For v 5 m/min the weight loss per time strongly increases and is attended by a change of the spatter regime. In this regime the melt is ejected from the backside of the capillary against the feeding direction. In the speed range from about v = 8 -14 m/min a peak in the weight loss per time occurs. By rising the feed to v = 18 m/min the weight loss per time can be strongly reduced. But this high feed rate also leads to formation of humps in the subsequent melt bath, which is another undesired seam imperfection. In Figure 10 (b) the weight loss in the case of radial and tangential polarization is standardized to the conventionally used random polarization to compare the different polarizations in more details. The resulting strong melt deficit can also be noticed by undercuts in the weld seam and a strong determination of the work piece surface due to adherent melt ejections as seen in Figure 11 . It shows that the change of polarization condition has a strong influence on the welding process. With radial polarization the weight loss by spatters even increases for low feed rates. In contrast, for v = 3 -6 m/min, tangential polarization leads to significant weight reduction between 39% and 67%. This confirms the previous results [7] . Furthermore, the maximum feed rate for which a very high surface quality can be obtained, is increased for tangential polarization from 3 up to 4 m/min compared to the other polarization conditions. However, spatters which are ejected from the rear side of the capillary at higher welding speeds could not be prevented for the tested process parameters and focusing conditions by using cylindrical polarization. 
Drilling
The use of ultrashort laser pulses enables the fabrication of high-precision microholes in metals without post-processing [37, 38, 39] . In high-aspect-ratio microdrilling, the borehole geometry is strongly influenced by the polarization of the laser beam. Ultrashort pulsed laser sources generally emit linearly polarized radiation. A linearly polarized laser beam however, is known to have different absorptivities depending on the cutting direction, as discussed above. Consequently, processing with stationary linear polarization results in linear elongation and distortion of the borehole outlet cross-section [38, 39] .
There are basically two ways in which round borehole geometries can be obtained, and typical circularity tolerances in the order of a few percent of the borehole diameter can be met: either utilizing axially symmetric polarization states or rotating linear polarization. The most common approach for the production of circular microholes in steel is to employ a helical drilling process together with circularly polarized radiation [39, 41] . Chang et al. [40] have shown that also random-polarized radiation enables the fabrication of round borehole geometries. The use of rotating linear polarization with parallel orientation with respect to the plane of incidence can be beneficial in terms of roundness and wall smoothness at percussion drilling [38] and helical drilling in steel [39] .
The first drilling experiments using radially and tangentially polarized beams were carried out on the basis of percussion drilling in steel with pulse durations in the range of a few hundred microseconds [3, 10] . The linear drilling rate was reported to be higher for tangential compared to radial polarization. Moreover it was found that the boreholes manufactured with tangentially polarized radiation exhibit smaller diameters, sharper tips and higher aspect ratios. Recently, the impact of radial and tangential polarization states on ablation velocity, borehole morphology and machining quality was investigated for percussion and helical drilling in austenitic chromium-nickel steel (X5CrNi18-10) using infrared picosecond pulses [5] . The linear to radial and/or tangential polarization conversion was accomplished using a Linear to Radial/Tangential (LRA) polarization converter composed of eight half-wave plate segments [8] , which was inserted into the beam delivery of a micromachining station equipped with an experimental picosecond laser system [21] . At the fundamental wavelength of 1030 nm, this laser system generates pulses with a duration of 6 ps at repetition rates of up to 206 kHz and an average output power of up to 40 W. The influence of the polarization type on the linear drilling rate at percussion drilling was investigated by fabricating holes in 980 μm sheets with pulse numbers between 10 4 and 10
6
, and by subsequently determining the hole-depth. The repetition rate was 103 kHz, and the pulse energy was set to 50 μJ. The radially and tangentially polarized beams were focused 100 μm inside the material with an aberration-reduced 4-lens focusing system (f = 100 mm), which produced a focal diameter of 45 ± 3 μm according to the second moment definition. The peak energy density (power density) of the ring mode was 4.6 J/cm² (7.7·10 11 W/cm²). Figure 12 (a) shows the results of the percussion drilling experiments. In the depicted plots of the capillary depth, the solid lines (radial polarization) and the dotted lines (tangential polarization) are logarithmic fits of the experimental data. Differentiation of the fitting functions with respect to the pulse number leads to the instantaneous drilling rate curves.
The displayed characteristics are consistent with the behavior generally observed in percussion drilling for millisecond to femtosecond pulse durations [37] . For both polarization states, the highest drilling rate (> 10 -2 μm/pulse) is obtained at the beginning of the drilling process. A strong decrease to roundly 10 -3 μm/pulse occurs during the first 2·10 5 pulses, followed by a steady decline of the drilling rate to little more than 10 -4 μm/pulse, until eventually the penetration of the full sample thickness is completed. However, it is important to note that the behavior of the two axially symmetric polarization states differs depending on capillary depth. Whereas the drilling rate seems to be slightly higher for radial polarization during the first 7·10 4 pulses, which corresponds to a drilling depth of 600 μm, the tangentially polarized beam advances into the workpiece considerably faster than the radially polarized beam beyond 600 μm. As a consequence, the full sample thickness of 980 μm is penetrated after Instantaneous drilling rate in µm/pulse 10 6 pulses with radial polarization, but already after ~5·10 5 pulses with tangential polarization. This corresponds to a reduction of the machining time by a factor of two. The geometrical characteristics of the fabricated capillaries were each found to be similar to those obtained at microsecond drilling.
The helical drilling experiments were carried out with the same laser, focusing and material parameters as the percussion drilling experiments. Since the average laser power was only 5.15 W, a total machining time of 120 s was needed to complete the desired borehole geometry. Figure 12b shows transverse sections of two microholes fabricated with radially and tangentially polarized radiation. Despite the low pulse energy, a widened, funnel-shaped inlet is produced at both polarization states. Accordingly, the capillaries narrow to a waist located about 200 μm below the workpiece surface. Below the waist, the borehole drilled with radial polarization is barrel-shaped with the maximum diameter located at ~700 μm below the sample surface. This morphology can be explained by a high absorptivity of the radially polarized radiation, caused by parallel incidence to the walls over the entire borehole circumference and a large angle of incidence. The high absorptivity, in turn, results in extensive energy transfer to the workpiece in the sheet center and a lack of energy in the outlet zone, the latter resulting in an increasing reduction of the borehole cross-section. On the other hand, using tangential polarization, a slender capillary with straight walls and a regular conical shape, corresponding to the beam inclination angle of 3°, is produced. Since the absorptivity of the tangentially polarized radiation is comparably low at the side walls, less energy is absorbed in the upper region of the capillary, leaving a bigger fraction of the pulse energy available in the outlet zone. Reduced radial expansion and higher aspect ratios have also been observed at helical drilling with tangential polarization in 0.5 mm sheets. Regarding the machining quality of the borehole inlets and outlets, no significant difference can be stated between radial and tangential polarization. This means that, at helical drilling without drilling core in the picosecond regime, a comparable quality is achieved at parallel and perpendicular incidence of the radiation to the borehole walls.
Overall, it appears that the use of radial polarization is suitable rather for the fabrication of boreholes with relatively large diameters in thin sheets (t 500 μm), while tangential polarization can be recommended for the generation of high aspect ratios in thick sheets (t 1 mm) or extraordinarily small diameters (d 50 μm).
Conclusion
Cylindrically polarized laser beams show a very specific absorbed intensity behavior. The findings of the calculations were confirmed by cutting, welding and drilling experiments. For these experiments, two different schemes for the generation of cylindrical polarization states were used.
For the CO 2 -laser cutting experiments, a leaky mode type intra-cavity mirror was used to generate radially polarized light with power levels up to 5 kW. An increase of the cutting efficiency of up to 36 % and of the maximum cutting speed of 37.5 % was measured for 2mm stainless steel.
The experiments carried out at a wavelength of 1 μm were made with an extra-cavity linear-to-cylindrical polarization converter consisting of a segmented waveplate. Using this converter, welding experiments were performed with average power levels of up to 7.9 kW. For deep welds at low welding speeds a significant reduction of spatter behavior below 40% could be measured for tangential polarization compared to welding with random polarization.
The same converter was used for the fabrication of micro holes. These experiments were performed with a high peak power picosecond laser at the wavelength of 1 μm. The drilling efficiency was found to increase for radial polarization in case of shallow hole depths. With tangential polarization an increase in drilling efficiency was observed for deep holes. In addition, it has been shown that the hole shape differs significantly. Both findings perfectly agree with the modeling results of the absorbed intensity distributions.
In conclusion, this overview confirms the significant, positive influence of cylindrically polarized beams on the process efficiency and quality. Considering the demonstrated potential of such processing we believe that laser material processing with cylindrically polarized beams will considerably gain importance in industrial and scientific applications.
